To use carbon nanotubes (CNTs) in electronic devices, CNT solutions were created and adapted for jet-printing. Printing the devices requires characterizing and understanding CNT solutions. In this paper, we prepare aqueous CNT solutions with typical surfactants, sodium dodecyl sulfonate (SDS) and sodium dodecylbenzene sulfonate (NaDDBS), and a polymeric surfactant, Nafion. The fluidic properties, key parameters for printing, and correlations between CNT solutions and device performance were investigated. We used inkjet printing to create field emission arrays (FEAs). Our approach is vacuum-friendly, easily scalable and controls structural factors such as dot size, dot-dot separation, and emitter density. #
Introduction
The unique geometrical and electrical properties of carbon nanotubes (CNTs) make them useful for various electronic devices including field effect transistors (FET), field emission displays (FED), thin film transistors (TFT), gas sensors, and lighting elements. [1] [2] [3] [4] [5] During the integration of CNTs into devices, CNTs are often dispersed in solvent and transferred onto the substrate using a variety of methods such as spray coating, spin casting, dip coating, dielectrophoresis, or micro-fluidics. [6] [7] [8] [9] [10] [11] To implement CNTs into a device, most of these approaches should be assisted by features pre-designed using photo or e-beam lithography or surface functionalization resulting in selective wetting of the substrate. Furthermore, these patterning approaches are labor-intensive and produce significant chemical waste.
Compared with the above solution-based process, ink jet-printing is capable of defining features less than one micrometer, [12] [13] [14] designing structures with high scalability, and employing various classes of materials from organic to biomaterials. Ink jet-printing is an inexpensive, straightforward, and versatile method of device integration. However, inkjet printing is not commonly used with CNTs, although CNTs are usually prepared in solution. This is because the dispersion of CNT is quite difficult. Even after obtaining an optimum dispersion with the desired CNT concentration, dispersants and solvents, creating CNT ink that is compatible with conventional inks is difficult. Inks must have particular surface tension (), viscosity (), and contact angle () properties for successful printing. [15] [16] [17] [18] [19] The purpose of this study was threefold: (i) to study the fluidic properties of water-based CNT ink; (ii) to examine printability by exploring the correlation between contact angle and printable line width; and (iii) to implement a jet-printing technique for fabricating field emission arrays (FEA).
Experiment
The single-walled (SW) CNTs (Carbolex) used in the experiment had an average tube diameter of 1.4 nm and 35 wt % of residual catalyst. This sample was used without purification. Two different types of surfactant were adopted in this study for the preparation of water-based inks, a conventional surfactant mixture of sodium dodecylbenzene sulfonate (NaDDBS) and sodium dodecyl sulfonate (SDS) and a polymeric surfactant, Nafion. Nafion is commercially available with a concentration of 5 -10% and an average molecular weight between 70,000 and 120,000. For NaDDBS and SDS, the dispersibility of SWCNTs was maintained by systematically changing the concentrations of the surfactant and the SWCNTs. For instance, 3 mg of SWCNTs and 15 mg of NaDDBS (or SDS) were added together in 30 g of deionized water. This CNT to surfactant ratio maintained a consistent level of nominal CNT concentrations (NCC). For Nafion, the mixing ratio of a bisolvent comprised of water and isopropanol was varied. 20) Two mg SWCNTs and 10 mg Nafion were combined with 30 g of bisolvent in different mixing ratios.
After careful intermixing of SWCNTs, dispersant, and water or bisolvent, an intense 8-h sonication was completed. This CNT solution was then centrifuged at 10,000 RPM for ten minutes to exclude residual CNT bundles and catalytic particles. Finally, the supernatant was filtered using a sterile filter from Siemens (pore diameter: 6 mm) prior to loading for printing. All aqueous inks appeared to be dark and homogeneous. More importantly, no precipitations occurred within two months.
The of the various inks were measured using a temperature-controlled digital viscometer (Brookfield DV-II Pro). The 's of the inks were measured by pendant drop analysis (Sinterface Technologies PAT 2P-USB). A sessile drop method with a digital optical contact angle meter (Kruss G-10) was employed to determine the contact angle. The contact angle was measured over 30 times and then averaged. All of the fluidic properties were characterized at about 25 C. We also characterized printability and jettability of our inks using an ink jet-printer (Unijet UJ-500 MF). On the printer, diamond-like carbon (DLC)-coated nozzles (Microfab Technologies MJ-AT) were mounted in order to prevent wetting.
17) The nozzle diameter was 50 mm. During printing, the substrate temperature was between room temperature and 90 C. To construct the cathodes, adhesive indium (In) layers of about 150 nm were evaporated on indium-tin oxide (ITO) glass using an electron-beam evaporator at 3 Â 10 À7 Torr. Then the substrate was printed with CNT inks. We annealed the substrate at 10 Torr of Ar at 450 C for 40 min to anchor the CNTs onto the ITO glass substrate. 21) The cathode surface was activated using a sticky tape to vertically align the printed CNTs. Then, the cathode was transferred into a vacuum system at 1 Â 10 À7 Torr for characterization. The cathode-anode gap was 500 mm. We applied a bias using a high voltage supply (Matsusada Precision AU-5R240-LC) and measured the emission current at the anode with a Keithley 2000 multimeter.
Results and Discussion
The measurement accuracy of our systems was examined using water, which showed a comparable value to a previous study, 0.8 centipoise (cps) at 25 C. 22) In Fig. 1(a) , the viscosity of the CNT/NaDDBS was 1.3 cps at 0.1 mg/ml and 1.26 cps at 0.5 mg/ml. The of the CNT/SDS was measured to be 1.15 cps and showed almost no dependence on the NCC. The of both the CNT/NaDDBS and the CNT/SDS were slightly lower than 2 -8 cps for drop-ondemand (DOD) jet-printing, but still printable with our system, though they are more suitable for high speed jetting with a continuous stream (CS). The bisolvent was still loose, but was responsible for components, changing from 0.8 cps for pure water to about 4.8 cps at a 50 : 50 volume ratio of water to isopropanol [ Fig. 1(b) ]. Adding isopropanol to pure water noticeably improved the degree of CNT dispersion compared to using pure water. However, for bisolvents, CNT dispersion was not affected significantly by the blending ratio. This is advantageous since the of a bisolvent can be modulated for DOD jetting without compromising CNT dispersion. In the bisolvent, increasing the volume ratio of isopropanol helped Nafion to dissolve better in water, leading to increasing .
Unlike the viscosity, the surface tension of all three CNT inks dramatically changed. In the bisolvent, the dropped from 72 mN/m for pure water to 27 mN/m at 60 : 40, at which point leveled off [ Fig. 1(b) ]. According to Lee et al., the variation in is subject only to the mixing ratio of the bisolvents rather than the presence of Nafion. 20) This means that is driven by isopropanol concentration in the solvent. At a high volume percentage of isopropanol, may become equal to that of pure isopropanol, as evident in Fig. 1(b) where the of the bisolvent was 25 mN/m at 60 : 40, comparable to 23 mN/m for isopropanol at 20 C. In printing, successful DOD operation requires of 35 mN/m or higher to avoid nozzle wetting. 23) For this reason, the bisolvent ratios of between 70 : 30 and 60 : 40 retain printable fluidic properties with acceptable and for DOD jetting.
Below 0.003 mg/ml, the of both the CNT/SDS and the CNT/NaDDBS were about 72 mN/m, the same as that of water [ Fig. 1(c) ]. At moderate NCCs, the of the CNT/ NaDDBS dropped significantly, from 71 mN/m (0.03 mg/ ml) to 32 mN/m (0.1 mg/ml), and then saturated at higher NCCs. For CNT dispersion, the concentration of surfactant (C s ) in the solution was a factor of importance. A good dispersion was achieved at the critical micelle concentration (CMC). At NCC of 0.1 mg/ml, the mole fraction of NaDDBS to water corresponded to 1.43 mM, greater than the CMC of 1.08 mM. 24) Therefore, above 0.1 mg/ml, C s was high enough to achieve a good dispersion of the CNTs. Once the CNT/NaDDBS reaches CMC, the was independent of surfactant percentage and CNT concentration [ Fig. 1(c) ]. The variation of with concentration of the components will be addressed later.
On the other hand, the CNT/SDS did not show saturation within our NCCs. Instead, steadily decreased to reach 35 mN/m at 0.5 mg/ml. For SDS, CMC occurred at about 10 mM, 25) slightly larger than our highest value of 0.5 mg/ml (8.7 mM). Reliable printability was obtained at greater than 35 mN/m. Since the addition of surfactant lowered , to balance printability and dispersion, an additional component that does not degrade the dispersion of CNTs is required.
Our characterizations on wetting and patterning line width were limited to the In layer. The degree of wetting was determined by measuring the contact angle and applying the equation SV À SL ¼ LV cos , where SV is the solidvapor interfacial tension, SL is the solid-liquid interfacial tension, LV is the liquid-vapor interfacial tension, and is the contact angle at the equilibrium state.
26) The SV of In is about 550 mN/m at room temperature. 27) A water drop on the In layer exhibited the hydrophobicity of In with a of nearly 117
. In both the CNT/NaDDBS and the CNT/SDS, the tendency of vs NCCs followed that of [ Fig. 1(d) ]. For instance, of CNT/NaDDBS leveled off at 0.1 mg/ml, where also stabilized. Above the NCC, did not change substantially. This is a typical behavior of type-I wetting that can be observed from ionic surfactants. 28) According to Lee et al., only the portion of isopropanol in the bisolvent influences LV . 20) As observed, the contact angle changed significantly with the volume ratio of isopropanol. In addition, at the ratios of 60 : 40 and 50 : 50, complete wetting of the bisolvent occurred. This implies that the overall wetting behavior of bisolvent resembles the wetting behavior of organic solvent on the metal surface. The spreading behavior seen at higher ratios of isopropanal rose due to the low surface tension of the organic solution on the high surface tension metal substrate. 26) After analyzing the fluidic properties of our inks, we tested the printability and the applicability for device fabrication. Figure 2(a) shows panoramic images of a traveling ink drop of the CNT/NaDDBS ink It displayed good jettability with a single spherical droplet and a straight trajectory toward the substrate. Using scanning electron microscopy (SEM), the printed structures, dots and lines were examined. Figure 2(b) is a SEM image of a single dot printed with 0.2 mg/ml of CNT/NaDDBS. As we zoomed in on the dot, SWCNTs were found only around the circumference as shown in Fig. 2(c) . The CNT bundle in Fig. 2(c) measured about 10 -20 nm in diameter. There were no SWCNTs at the center of the dot. This was due to the rafting of CNTs at the edge, which was due to faster drying of the ink droplets at the edge. 29) Thus, emission occurred at the edge.
The correlation of ink properties with patterning size was studied by drawing lines using CNT/NaDDBS inks at various NCCs with different LV . The ink was dispensed at 300 dpi on the In layer. With an ink whose contact angle was 106 with the substrate, jet-printing resulted in an array of about 50 mm dots, comparable to the nozzle diameter. They were well spaced from each other, as indicated by the arrow in Fig. 2(d) . At 100 , this dot pattern was still observable and the dots had a diameter of about 60 mm. At $17 and $20
angles, printing produced a line about 115 -130 mm wide through measurable ink spreading. Below CMC, CNT inks rendered finer patterns because of a higher contact angle rising from a large LV . Above CMC, the LV of CNT/ NaDDBS inks dropped to near 30 mN/m, at which point the printed lines broadened as a result of the spreading. Along with patterning line width, line shapes from three different inks were examined: CNT/NaDDBS, CNT/SDS, and bisolvent. Two inks with partial wetting, CNT/NaDDBS and CNT/SDS, were found to have jagged line edges, whereas in bisolvent, complete spreading contributed to clean line edges as in Fig. 2(e) . The comparable surface tensions of both the CNT/NaDDBS and the bisolvent accounted for a similar line width, 110 -120 mm. Nevertheless, the line edges of these inks cannot be explained using only LV . Thus, it is likely that SL between the ink and the substrate also affected the line shape.
Using the inks, we printed various cathode structures and examined the correlations between the ink properties and the FEA performance. Three different inks were tested: CNT/SDS at 0.3 mg/ml, CNT/NaDDBS at 0.3 mg/ml, and NaDDBS at 0.5 mg/ml. Figure 3(a) shows dots that constitute an array printed with CNT/NaDDBS at 0.3 mg/ml. They were 400 mm apart and 60 -70 mm in diameter. To examine the influence of solution properties on the device characteristics, FEAs were printed at 300 dpi on the In layer, and we normalized the emission current by the printed area. The droplet diameters of these inks were about 120 mm for both CNT/NaDDBS and about 60 mm for CNT/SDS. At 0.3 mg/ml, CNT/SDS emitted much higher currents than did CNT/NaDDBS [ Fig. 3(b) ]. This was probably due to a smaller dot size and larger dot-dot distance for CNT/SDS compared with those of the CNT/ NaDDBS. However, as we increased the NCC of CNT/ NaDDBS to 0.5 mg/ml, the emission current remarkably increased comparing to that of CNT/SDS at 0.3 mg/ml. Furthermore, in Fig. 3(c) , the slope of Fowler-Nordheim (FN) of the former was almost the same as that of the latter. The field enhancement factor of these cathodes was about 1307, whereas the cathode printed with 0.3 mg/ml of CNT/ NaDDBS showed an enhancement factor of only 1062. We have shown in previous tests that above the CMC, the contact angle changes substantially. Therefore, the printed cathode area for both 0.3 and 0.5 mg/ml of CNT/NaDDBS are expected to be the same, but four times larger than that of CNT/SDS due to the spreading of CNT/NaDDBS. To compensate for the larger printed area (low emitter density) and to sustain a comparable current emission to CNT/SDS, NCC of CNT/NaDDBS needed to increase. Figure 3(d) shows an emission pattern from an array printed with CNT/ NaDDBS at 0.5 mg/ml. The applied bias was 4 V/mm, and the emission current was about 536 mA/cm 2 . It is possible that the non-uniform emission arose from the poor printing quality so we examined dot arrays under SEM. However, no inhomogeneous array patterns were found in the nonemissive area that is in Fig. 3(d) . Therefore, we expected that the non-emissive dots may be attributable to the difference of each dot in the tube length, the number of activated SWCNTs, and the contact resistance between SWCNTs and the adhesion layer.
In order to understand the influence of surfactant on the field emission properties of printed dot arrays, we removed the surfactant prior to heat treatment by dipping a cathode in methanol for an hour. To confirm the amount of residual surfactant, the same CNT ink (CNT/NaDDBS at 0.2 mg/ ml) was dropped onto a TEM grid, dipped into methanol for an hour, and then examined using transmission electron microscopy. It was observed that SWCNT bundles were all covered with NaDDBS, as shown Fig. 4(a) . In addition, we observed that this residual NaDDBS did not disappear even after heat treatment at 450 C. Therefore, the surfactant was expected to affect field emission persistently. However, methanol rinsing completely removed the surfactant so that clean SWCNT sidewalls were observed, as shown in Fig. 4(b) . A comparative study for field emission properties, shown in Fig. 4(c) , showed that the methanol-rinsed cathode demonstrated higher emission stability and current, whereas the as-prepared cathode exhibited slightly smaller and unstable emission current. Inferior emission properties due to residual surfactant can be overcome by methanol rinsing. 
Conclusions
CMC is necessary to achieve good dispersion in aqueous CNT inks. However, at CMC, the of inks dropped to 20 -30 mN/m and printed line width increased due to spreading. In this respect, CNT/SDS would be more beneficial for drawing fine patterns compared to CNT/NaDDBS. When making emission arrays, ink jet-printing provides controllability for emitter density and emitter positions without losing scalability and patterning resolution. Inkjet printable cathodes are more cost effective than established approaches such as screen printing and thin film technologies. 
